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Abstract—Voltage control and fast reactive power
compensation are two important functions concerning FACTS
application in the modern power systems. It has been well
accepted that the static synchronous compensator (STATCOM)
is the most versatile and powerful FACTS device that can
provide effective means for controlling reactive power flow and
improving the voltage stability of power networks. However,
the STATCOM circuitry has complex and coupled system
dynamics which require advanced controllers to achieve
satisfactory performances. This paper presents the design of a
space vector pulse width modulated (SVPWM) two-leg
four-switch STATCOM to provide satisfactory performances in
performing various reactive power flow control functions
during steady-state and transient operations of power systems.
For comparative purposes, two topologies, i.e., 2-leg 4-switch
(2L-4S) and 3-leg 6-switch (3L-6S) based STATCOM are
investigated in this study. Simulation studies carried out in the
Matlab/Simulink environment are firstly described. Typical
results are then presented to verify the feasibility of the 2L-4S
STATCOM and the effectiveness of the proposed controllers.

Index Terms—power system voltage control, flexible ac
transmission systems (FACTS), static synchronous compensator
(STATCOM), space vector pulse width modulation

I. INTRODUCTION

ITH the trend of deregulating power industry and

installing more distributed generators, the future power
system needs to provide sufficient, stable, secure, economic,
and high-quality electric power to various load centers. It is
envisaged that flexible ac transmission systems (FACTS) devices
or controllers are going to play a critical role in operating the new
type of power systems under such a complex operating
environment [1]-[2]. The basic concept drawn from the
Flexible AC Transmission Systems (FACTS) terminology
emerges as a remedy to release the extremely transmission
system tension. It needs the aid of modern power electronics
and advanced control techniques to successfully replace the
conventional mechanical controlled apparatuses in systems.
By doing so, FACTS technology has been expected to offer
two main advantages: (1) to bring the transfer capability of
transmission line approaching its thermal limit without
violating the stability criteria and (2) to re-assign power
flows at will and on a real-time basis so as to facilitate an
ideal electricity market. Besides, FACTS can also enhance the
stability of the power system with its fast control characteristics
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and continuous compensating capability. Of the known FACTS
devices, the static synchronous compensator (STATCOM)
being a new generation of reactive power compensating devices
has been widely used in various power system control [3]-[10].
The hardware of a STATCOM is similar to the shunt branch of
the Unified Power Flow Controller (UPFC) and can be
controlled to provide concurrent real and reactive compensations
with an external electric energy source adding to the dc bus. In the
literature, a number of feasible hardware configurations have
been proposed for the STATCOM to perform various reactive
power and voltage control functions in power systems embedded
with distributed generators; however, most of them are designed
on a 3-leg 6-switch (3L-6S) structure operated either by
SPWM or multi-module and multi-level techniques [11]-[15].
To achieve a cost-effective design without sacrificing the control
performances some possible topologies with advanced
controllers with fast-response features are still call for
investigations.

This paper presents the design of a space vector pulse
width modulated (SVPWM) two-leg four-switch (2L-4S)
STATCOM to provide satisfactory performances in
performing various reactive power flow control functions
during steady-state and transient operations of power systems.
Comprehensive simulation studies carried out in the
Matlab/Simulink environment and results of various power
flow control examples are presented to show the successful
design of the 2L.-4S STATCOM and the effectiveness of the
proposed control strategy.

II. STATCOM PRINCIPLES AND ITS CONTROLLERS

A. STATCOM Review

In a conventional STATCOM system, the internal 3 phase
inverter normally constructed by a 3-leg and 6-switch
configuration provides the main control functions via
connecting its output voltage with a controllable magnitude
and phase angle in shunt with the compensated power system
through a transformer. In this paper, a simple three-phase
converter constituted by 2-leg and 4-switch is adopted to
perform both the reactive power and voltage compensation
tasks [16]-[18]. This arrangement can provide an alternative
topology for STATCOM with lower system cost; however,
the related controllers must be properly designed to achieve a
satisfactory performance. Fig. 1 shows a simple test power
system with the proposed 2-leg and 4-switch STATCOM
configuration. As shown in Fig. 1, the STATCOM is
connected to a utility distribution system at the load terminal.
The utility system is represented by a three-phase voltage
source behind series RL elements in each phase. The load is a
three-phase, passive RL load. In a STATCOM system, the
voltage acts essentially as a controllable synchronous ac
voltage source. In addition to the dc voltage regulator, the
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three-phase inverter can independently generate or absorb
controllable reactive power as desired and thereby provides
independent shunt reactive compensation for the system. Itis
important to note that if a dc source can be added to the
STATCOM the control of real and reactive power on the
connected point of transmission line can be achieved by
adjusting the voltage with an appropriate magnitude and angle
of the inverter. In this study, the output reactive power of a
STATCOM is controlled by the magnitude of g-axis current
component of the proposed two-leg four-switch (2L-4S)
STATCOM.

STATCOM
+ i
: Local Load Utility System
v !
T RoLigiy,
Vo i Yl
Vo =e i
I

Fig. 1. Schematic representation of the test power system with a 2-leg and
4-switch STATCOM.

B. STATCOM Mathematical Model

From Fig. 1, the ac-side voltage equations of the
STATCOM can be expressed as:

Vabcs = RSiabcs + Lsp(iabcs) + vabcl (1)
The P in the above equation is a derivative operator. In (1),
Ry =diag{R,R,R} Ls=diag{L,L,L}

,and
I/abcx = [Vas Vhs Vcs ]T (2)
. .. .77
labcs = [las lbs lcs] (3)
Vibr = [Val Ve Ve ]T “4)

Considering only the fundamental components of the
switching functions of the converter switches, the
STATCOM terminal voltages can be expressed as follows:

v (6) sin@, (1)
v, (1) | = % A, v, |sin(@, (1) - 2?”) ©)
Ves (1) 2
sin(8, (1) + T)
where, 6 (H)=wt+a,,. A, and ¢ are

respectively the amplitude and angle modulation indices. @
is the system frequency, and v, is the dc bus voltage. Since

the dynamic model of an electrical power system is
traditionally developed in a d-q frame, it is desirable to obtain
the model of STATCOM in the utility d-q frame. To transfer
the abc variables to a d-q frame, a transformation matrix is
selected such that the voltage and current components of
STATCOM are proportional to its real and reactive power
components respectively. Thus, the control of each current
component regulating the corresponding power components
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as desired. The STATCOM variables in the abc frame can be
transferred to the d-q frame by Clark transformation.

fqdo.r = Kfabcs (6)

The transformation matrix K is defined as

cosd, cos (9‘, - 2—7[) cos (95 + 2—”)
‘ 3 3

K=z sin@. sin 95—2—”) sin 984-2_” (7
3 3 3

1 1 1
2 2 2

Substituting abc variables from (1) to (5) into (6), the
voltage equations (8) of the STATCOM in the d-q frame are
obtained using (7):

sin(a,, — o)

% Amvdc COs (am - a) = RSiqdos + Lsp (l‘qdos )

010 0
to|-1 0 0 |Li+V,,]] (8)
000 0

The V. is the amplitude of load terminal voltage. For
thedc-side circuit of the STATCOM, we have

vV, 1 ,.
p(%) = E(ldc) ©)

and the dc-side current can be mathematically expressed as
. . 2
i, sin(6,)+1i,sin| 6, — =T
. -1 3
i, =—4A, (10)
3 .. 2
+i sin| 6, + 3

Using abc variables from (10) and the transformation
equation (6), the d-q model of the dc circuit can be obtained
as (11).

(Vdc) =34, | s sin(a,, - a)

2 ) 243 C|+i,cos(a, —a)
Under steady-state and balanced three phase conditions,

the three phase active power and reactive power of the

STATCOM may be expressed in terms of d-q quantities as

(12) and (13), where the v and i are the peak values of phase
voltage and phase current respectively, and 6v and 6 are the

(11)

phase angles for phase voltage Va and phase current Ia
respectively.

300 . :
P=5|v||z|cos(0v—9i)= (quq+vdzd) (12)

(v,i, = vi,) (13

W W

0= %|v||i|sin(¢9v -6,) =
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C. Voltage SVPWM Controllers for the Voltage Source
Inverter

The modeling steps of a space vector pulse width
modulation (SVPWM) algorithm are described in this
subsection. According to the system setup shown in Fig. 2 the
switching status is represented by binary variables ¢; to g,
which are set to “1” when the switch is closed and “0” when it
is open. In addition, the switches in one inverter branch are
controlled complementary, therefore:

(14
(15)

g, + q; =1
g, + q, =1
Combinations of switching S1-S4 result in 4 general space

vectors V-V, as shown in Fig.4. The components ¢f3 of the

voltage vectors are gained from abc voltages by using
Clark’s transformation.

:% ¥ IG {@ v"f‘iJ \Js

I
2. ‘J'
3

PRt K 2

Fig. 2. Topology structure of three-phase voltage source inverter

The combinations of the states of the switches originate
four different vectors and the related parameters in the off
plane are given in Table 1 and 2. These vectors are phase
shifted of 7 /2 from each other. Using the above vector
definitions one may split the aff plane into four (I to IV)
sectors as shown in Fig. 3.

-
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[
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Fig. 3. Basic voltage space vectors for 2L-4S inverter

From Fig. 3, the following relations can be derived.
V=WV V=V —V5
Vi=Vy Vo Va=-V,

Consequently, the voltage components are given by

3
Ve :\/;(QJ'Qz)VdC

1
V,=—7(q,+q, —1)Va
B \/E 1 2

(16)

(17)
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LetV, , Tepresents the reference voltage being synthesized

by the 2L-4S inverter within a switching period of length.
According to the space vector technique, the desired voltage
can be mathematically expressed as:

me =VT,+V,T,+V.T,+V,T, (18)
LVz V., a
> >
1
1
1
T, :
T ! !
1
A Ve
B
v

Fig. 4. Voltage vectors of the SVPWM in first section.

From Fig.4, Tand V| , in first section can be expressed as

T, T,
Vg =V 2V =V, @V,

(19)
D. Modelling of SVPWM Control Patterns
® Calculating the Section Data of V

Using V, and Vj, the angle and the corresponding section
data of the desired voltage signal can be obtained.

V
0 =tan™' (—ﬂj
Vll

(] Calculating Ty ,Ty:

(20)

Tx, Ty can be calculated as follows.
Section(1): 270~0 degrees.
From (16), (17) and (19), V, and V can be calculated as
expressed in (22).

1 3
V, :_ﬁl/dcﬂﬂ v, :\/;I/dca

21)

3 T 1 T
V=~V =2 V,=——V, -+ 22
a \/; dc T p \/5 dc T ( )

Also, the T, and T, can be obtained as follows.

Tl=—\/§iVﬁ,T2=—\/§iVa (23)

Vdc 3 Vdc

v, 3

With the similar method, the T; and T, in other sections can
be readily derived.
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®  Switch Sequence:

In normal operations, a triangle wave with proper
frequency is used to compare with T, , Tj,,and T, .
The amplitude of the triangle wave represents modulated
period T while the frequency of the triangle wave can be

chosen based on the capability of IGBT used.
Table 1. The T, and T, in all sections

S1 S2 S3 S4
270°-0° 0°-90° 90°-180° | 180°-270°
T -Tx -Tx T, =Ty
TZ _TY TY Tx Tx

To make an easier representation of the PWM operations,
two variables CMPR1 and CMPR?2 can be used in section I to
IV as shown in Table 2.

Table 2. The comparator values in various sections

ections

S1 S2 S3 S4
0_n0 0_on0 0_ 0 0_ 0
Values 270°-0 0°-90 90°-180 180"-270
CMPRI1 Tcon Tbon Taon Tbon
CMPR2 Tbon Tcon Tbon Taon

III. IMPLEMENTATION OF STATCOM P-Q CONTROLLERS

As mentioned previously, in a normal operation two sets of
separate controllers are used for controlling the STATCOM,
one for the real power (or equivalently the dc voltage) and the
other for reactive power regulation. As well known, control of
the STATCOM active and reactive currents can be achieved by
respectively varying the active and reactive components of the
internal inverter voltage. Fig. 5 shows the control system block
diagram of the proposed P-Q controllers and the STATCOM

circuits.
Decoupled system

- oL,

DSTATCOM
DC Voltage Loop

Va

DSTATCOM

b — L

I i\
Rs —

i
s
Feedforward
decoupling control

V‘r’(( -
b P2 A

VSPWM Controlled 2L-4S Inverter

Vce

DSTATCOM
PCC Voltage Control

Fig. 5. The control system block diagram of the proposed P-Q controllers

IV. TEST POWER SYSTEMS AND RESULTS

For identifying and controlling the dynamics of the power
system and the 2-leg 4-switch STATCOM, the
single-machine infinite-bus (SMIB) power system as shown in
Fig.1 is simulated in a Matlab/Simulink environment. Simulink
model tool is a commercial grade transient simulator of
electric networks with the capability of modeling complex
power electronics, controls and the nonlinear power network.
The power system shown in Fig. 1 comprises a voltage
source (a synchronous generator with an automatic voltage
regulator (AVR) is used), which is connected to a load bus
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through a transmission lines. The STATCOM is placed at the
load bus to support the voltage. This simple system is
chosen in order to evaluate the power flow control
performances of the proposed new STATCOM
configurations with two basic control strategies, i.e. reactive
power and voltage regulations. The detailed control structure
for the proposed STATCOM and the related system parameters
are shown in Fig. 6. In Fig. 6, the control scheme shown in Fig.
5 (PI and decoupled controllers) is used to perform the P&Q
power flow control functions. Fig. 7 to 9 show a set of typical
simulation results, in which the control results concerning (1)
reactive power regulations and (2) PCC voltage regulations
under load disturbances (two-steps in load changes) with the
proposed SVPWM methods are presented.

STATCOM L
Ve INVERTER Filf;r Da > Transformer
(2L-4S) — [
—
SVPWM
CONTROLLER

PLL

P ret—»| Power Flow Controller v,
Q ret—»] P&Q A

Fig. 6. The overall control system and parameters
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Fig. 7. (a) Reactive power regulations (two-steps in Q command changes)
with the proposed SVPWM controller.

W, VAR

2 4

0 O‘.l O‘.Z 013 014 0‘5 0‘6 D.‘7 D.‘B 019 1
Time(s)

Fig. 7. (b) The effects of reactive power regulations (two-steps in Q

command changes) on the real power (the blue line) with the proposed

SVPWM controller.
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Fig. 9. The corresponding P-Q results in PCC voltage regulations
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Fig. 9. (d) The measured harmonic spectra of the STATCOM phase-A
current.
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Fig. 9. (e) The terminal voltages and currents of the STATCOM.
(I) Inductive operation and (II) Capacitive operation.

V. CONCLUSION

This paper has presented a new control method based on
SVM switching strategy for the proposed hardware
simplified 2L-4S STATCOM. The main feature of the
proposed circuit and switching strategy is that it can fast
modify the switching patterns of the internal power electronic
switches of the proposed STATCOM to achieve the desired
voltage with only 2 thirds of the number of power devices
required in the conventional design. The paper has also
developed a detailed dynamic model of the proposed 2L-4S
STATCOM. The model has been verified with a practical
design case in which the basic P-Q power flow control
functions in a STATCOM are tested. Feasibility and overall
performance of the new STATCOM system, including the
simplified power circuitry and control subsystems have been
verified via comprehensive digital time-domain simulations.
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